with Hid, Grim, and Reaper only in the N-terminal 4 Grim and Reaper share sequence homology, the conserved sequences among all three Drosophila proteins residues, prompting the hypothesis that Hid, Grim, and Reaper interact with DIAP1 using similar tetrapeptides are restricted to the first 8 residues, suggesting a consensus binding element to DIAP1. Indeed, longer pepand binding to a similar surface groove on DIAP1 .
tides from Grim exhibit the same binding affinity to DIAP1, as does a minimal 8-residue peptide (data not There is currently no structural information on DIAP1 or Hid, Grim, or Reaper. To investigate the structural shown). We chose to use 10-residue peptides as derived from the N-terminal sequences of Grim and Hid. The mechanisms of DIAP1 recognition by the Drosophila Hid, Grim, and Reaper proteins, we have crystallized N-terminal sequence of Reaper closely resembles that of Grim. the DIAP1-BIR2 domain by itself and in complex with the N-terminal peptides from both Hid and Grim and We purified binary complexes between Hid or Grim and DIAP1-BIR2 by gel filtration and crystallized both determined these structures at 2.7, 2.7, and 1.9 Å resolution, respectively. In analogy to the Smac-XIAP interaccomplexes. To assess possible conformational changes associated with peptide binding, we also crystallized tions, the first four amino acids of Hid and Grim bind an evolutionarily conserved surface groove on DIAP1-BIR2. the DIAP1-BIR2 domain by itself. The structure of the BIR2 domain by itself was determined by molecular reThe next 3 conserved residues of Hid and Grim also contribute to the interactions with DIAP1 through extenplacement using atomic coordinates of XIAP-BIR3 as the initial search model (Protein Data Bank code 1G73). sive van der Waals contacts. Interestingly, peptide binding to DIAP1-BIR2 appears to induce the formation of The structures of peptide-bound BIR2 domains were solved by molecular replacement using the atomic cooran additional ␣ helix, which appears to stabilize peptide binding. In conjunction with biochemical analysis, our dinates of the partially refined BIR2 domain. The final atomic models were refined at 2.7, 2.7, and 1.9 Å , restructural study reveals a molecular basis for the conservation and diversity necessary for the recognition of spectively, for the BIR2 by itself and in complex with the Hid and Grim peptides. The zinc-chelating residues are shown in red, whereas the conserved amino acids are highlighted in yellow. Red and yellow arrows identify those residues that make intermolecular hydrogen bonds using their side chain and main chain atoms, respectively. The solvent accessibility for the peptides (A) and the secondary structural elements for the DIAP1-BIR2 domain (B) are indicated below the sequence alignment. next 6 residues closely follow the hydrophobic surface butions to DIAP1 binding through van der Waals congroove on DIAP1 and make numerous van der Waals tacts (Figures 2 and 4) . These 3 residues stack against contacts (Figure 4) . Aside from the invariant Ala1 and a hydrophobic surface groove comprising Cys266, Pro7, the intervening 5 residues are also conserved in Gly267, Gly268, Gly269, Trp286, and Leu287 on DIAP1, Hid and Grim. These 5 residues mediate identical sets forming an extensive interface ( Figure 4B ). The absence of interactions with the surrounding residues in DIAP1-of side chains in the 3 consecutive Gly residues is likely BIR2 (Figure 4 
In the mammalian complex, recognition is restricted
Supporting the large conformational switch, residues to the N-terminal tetrapeptide of Smac; the fifth residue from this helix pack closely against helix ␣3 and contribis not involved in binding the conserved surface groove ute significantly to peptide binding (Figure 5 ). At the on XIAP-BIR3. In the Drosophila complexes, however, 3 additional conserved residues make important contriperiphery of the interface between helices ␣3 and ␣6, placed by a bulkier residue, Tyr324 in XIAP, which may restrict binding by the Hid/Grim peptides to their Discussion N-terminal four amino acids. In addition, the deleterious effect of Ala3 in Grim-DIAP1 interaction could be lesAlthough the DIAP1-BIR2 domain is highly homologous to the BIR3 domain of XIAP (Figure 2) , the binding affinity sened by the binding of 3 additional residues after the N-terminal tetrapeptide (Figure 4) . difference between Hid and Grim is 6-fold and 100-fold, respectively, for interactions with DIAP1-BIR2 and XIAPDue to the unique extensive binding interfaces in Drosophila, the Grim peptide is able to maintain specific BIR3 ( Figure 6B ). This is likely due to a minor difference in the surfaces of these two domains. Leu287 in DIAP1 recognition to the DIAP1-BIR2 domain with 0.24 M Our structural analysis also provides a plausible explanation for the observation that the DIAP1-BIR1 dohydrophobic residues can significantly improve the binding affinity, especially if the third residue in the pepmain does not form a stable complex with the conserved peptides. Several important residues in the DIAP1-BIR2 tide is Ala. The N-terminal 7-residue peptide of Hid likely represents the optimal sequence for binding DIAP1.
domain, including Gly268, Gly269, and Met271, are replaced by Val85, Glu86, and Gly88, respectively, in the Previous work has shown that mutations in the DIAP1-BIR1 domain partially disrupt the binding of Hid and BIR1 domain (Figure 2 ). These changes would likely destabilize interactions with the second, fourth, fifth, and Reaper to full-length DIAP1 (Goyal et al., 2000) . In contrast, our biochemical and structural analysis demonseventh residues in the Hid/Grim peptides. Similar arguments explain why the XIAP-BIR1 domain or survivin strates that the N-terminal sequences of Hid, Grim, and Reaper are sufficient to interact with the BIR2 but not does not interact with the Smac peptides (Figure 2) . The BIR2 domain is just a small part of the 336-amino the BIR1 domain of DIAP1. These observations strongly suggest that the BIR1 domain plays a regulatory role in acid protein DIAP1, which includes the BIR1 domain at the N terminus, the RING finger at the C terminus, and the full-length DIAP1, perhaps through interactions with the BIR2 domain. Although the N-terminal sequences a long linker between BIR1 and BIR2. Although the over-tween DIAP1 and the Grim and Reaper proteins. It is also possible that the BIR1 domain is involved in mediating the inhibitory effect of DIAP1, perhaps through binding directly to a Drosophila caspase. Finally, the BIR1 domain may be important for regulating DIAP1 function as a ubiquitin-protein ligase. It was suggested that the Drosophila proteins Hid/ Grim/Reaper interact with DIAP1 in a manner similar to the Smac-XIAP interactions (Liu et al., 2000; Wu et al.,  2000) . Through structure determination of DIAP1-BIR2 by itself and in complex with the N-terminal peptides from Hid and Grim, we establish a detailed molecular basis for this recognition in Drosophila. Our results not only prove the evolutionarily conserved mode of peptide binding from fruit flies to humans, but also reveal an interesting mechanism for the Drosophila, which involves DIAP1 binding by three additional conserved residues in Hid/Grim/Reaper and a conformational switch induced by peptide binding that subsequently stabilizes peptide binding.
Experimental Procedures
Protein and Peptide Preparation All constructs were generated using a standard PCR-based cloning strategy, and the identities of individual clones were verified through double-stranded plasmid sequencing. Recombinant DIAP1-BIR1 (residues 1-145) and BIR2 (residues 201-325) were overexpressed as GST fusion proteins using pGEX-2T (Pharmacia). The soluble fraction of the GST-DIAP1 fusion in the E. coli lysate was purified over a glutathione sepharose column, and further purified by anion exchange chromatography (Source-15Q, Pharmacia). The GST moiety was removed by thrombin cleavage, and the resulting BIR do- . from Hid, and 36 water molecules at 2.7 Å resolution. The N-terminal Induction of apoptosis by Drosophila reaper, hid and grim through 13-14 residues and the C-terminal 7-16 residues in DIAP1 have no inhibition of IAP function. EMBO J. 19, 589-597. electron density in the maps, and we presume that these regions
